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The AL2 gene found in members of the genus Begomovirus of the Geminiviridae encodes a transcriptional activator protein
(TrAP; also known as AL2, AC2, or C2 protein). TrAP activates expression from the viral coat protein (CP) and BR1 movement
gene promoters in mesophyll cells and protoplasts and acts to derepress the CP promoter in vascular tissue. The
experiments presented here were designed to elucidate some of the biochemical properties of this multifunctional regulatory
protein and to define its activation domain. The results indicate that TrAP from tomato golden mosaic virus (TGMV) binds
single-stranded DNA in a sequence nonspecific manner and only weakly interacts with double-stranded DNA, confirming
earlier results obtained with TrAP from other begomoviruses. In addition, evidence is presented that indicates that TrAP binds
zinc and that zinc is necessary for optimal interaction with ssDNA. We also show that TrAP is phosphorylated when
expressed in insect cells and that it contains a transcriptional activation domain of the acidic type. The minimal activation
domain is quite small; the region comprising only the 15 C-terminal amino acids of the protein is capable of activating
transcription in mouse fibroblasts (NIH3T3 cells) when fused to a heterologous DNA-binding domain. © 1999 Academic Press
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cINTRODUCTION
The Geminiviridae is a diverse family of single-
tranded DNA (ssDNA) containing plant viruses divided
nto three genera based on host range, genome organi-
ation, and type of insect vector (whitefly vs leafhopper).
espite this diversity, all geminiviruses replicate in the
uclei of host cells by a rolling circle replication mech-
nism (RCR) that requires the virus coded protein Rep
also known as AL1, AC1, or C1) and cellular DNA poly-
erases. Viral transcription occurs from double-
tranded DNA (dsDNA) replicative form (RF) intermedi-
tes generated during RCR and is presumably carried
ut by RNA polymerase II (for review, see Stanley, 1991;
azarowitz, 1992; Bisaro, 1996; Hanley-Bowdoin et al.,
999).
Because purified viral ssDNA is infectious (Hamilton et
l., 1981), the cellular replication and transcription ma-
hinery is sufficient for the initial synthesis of RF and the
xpression of early viral genes involved in DNA replica-
ion. However, in at least some geminiviruses, late gene
xpression requires additional virus coded proteins. One
uch protein, TrAP (transcriptional activator protein), is
he product of the AL2 gene (also known as AC2 or C2)
resent in all members of the genus Begomovirus (for-
erly subgroup III). TrAP is necessary for efficient tran-
cription of the coat protein (CP) and BR1 movement
rotein genes (Sunter and Bisaro, 1991, 1992; Gro¨ning et
1 To whom reprint requests should be addressed. Fax: (614) 292-
i379. E-mail: bisaro.1@osu.edu.
1l., 1994; Jeffrey et al., 1996). The CP gene is expressed
ate in the replication cycle (Brough et al., 1992), and
lthough the kinetics of BR1 expression have not yet
een examined, BR1 is also presumed to be transcribed
fter DNA replication. Interestingly, TrAP function is not
irus specific, as the AL2 gene products of tomato
olden mosaic virus (TGMV), African cassava mosaic
irus (ACMV), Texas pepper geminivirus (TPGV), squash
eaf curl virus (SqLCV), and tomato yellow leaf curl virus
TYLCV) complement a TGMV al2 mutant in tobacco
rotoplasts (Sunter et al., 1994; G. Sunter and D. M.
isaro, unpublished results). TGMV DNA A also comple-
ents ACMV and potato yellow mosaic virus (PYMV) al2
utants in planta (Saunders and Stanley, 1995; Sung and
outts, 1995), reinforcing the conclusion that TrAP is
unctionally interchangeable among begomoviruses.
his absence of functional specificity suggests that ei-
her all begomovirus late promoters contain a common
equence element recognized by TrAP and/or that TrAP
nteracts with cellular proteins common to all begomovi-
us plant hosts to effect transcriptional activation.
We are studying the mechanisms by which TrAP reg-
lates gene expression using TGMV as a model system.
n earlier work, we showed that TrAP appears to activate
he CP promoter in mesophyll cells and acts to dere-
ress this promoter in phloem cells (Sunter and Bisaro,
997). Distinct viral sequences mediate repression/dere-
ression in phloem and activation in mesophyll, suggest-
ng that TrAP interacts with different components of the
ellular transcription machinery to enable CP expressionn different cell types. Thus an analysis of TrAP activities
0042-6822/99 $30.00
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2 HARTITZ, SUNTER, AND BISAROromises to provide novel insight into transcriptional
egulation in eukaryotic cells.
To understand how TrAP stimulates transcription, it is
ecessary to examine the properties of this small (15
Da) viral protein. A comparison of the highly conserved
egomovirus TrAP sequences reveals the general fea-
ures expected of a transcriptional regulatory protein. As
llustrated in Fig. 1, TrAP has a modular structure con-
isting of an amino terminal basic region and a carboxyl-
FIG. 1. Alignment of selected TrAP proteins. TrAP sequences of tom
SqLCV; Lazarowitz and Lazdins, 1991), and potato yellow mosaic virus
irus (ACMV; Stanley and Gay, 1983) and tomato yellow leaf curl virus
lustalW algorithm (Thompson et al., 1994). These proteins have bee
elected from an alignment of 13 New World and 17 Old World begomo
asic, cysteine and histidine (cys-his), and acidic regions are indicated
y asterisks. Conserved potential phosphorylation sites (casein kinase
n New World viruses, below the sequence if present in Old World viru
ll) begomoviruses. The minimal activation domain in the TGMV proteerminal acidic region. Studies of numerous transcription tactors have revealed that basic regions often are in-
olved in DNA binding and/or nuclear targeting, whereas
cidic regions are characteristic of certain transcrip-
ional activation domains (Johnson and McKnight, 1989;
truhl, 1989). The central region of the protein is charac-
erized by a series of conserved cysteine and histidine
esidues that could form a structure capable of binding
inc (C-X1-C-X7-C-X6-H-X4-HC in most begomoviruses).
everal different combinations of zinc-interacting cys-
en mosaic virus (TGMV; Hamilton et al., 1984), squash leaf curl virus
; Coutts et al., 1991) from the New World and African cassava mosaic
V; Kheyr-Pour et al., 1992) from the Old World were aligned using the
n to be functionally interchangeable by direct experiment and were
rAP sequences. Identical amino acids are highlighted by shading. The
id lines, and the conserved cysteine and histidine residues are noted
rotein kinase C) are indicated by a bar above the sequence if present
d above and below the sequence if found in TrAP from all (or nearly
no acids 115–129) is marked by a hatched line.ato gold
(PYMV
(TYLC
n show
virus T
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3CHARACTERIZATION OF TrAPhis sequence, although none of them corresponds pre-
isely with the spacing of cysteine and histidine residues
ound in other known zinc-binding proteins (Berg, 1990;
oleman, 1992). Zinc fingers often are involved in nucleic
cid interactions and sometimes in protein–protein inter-
ctions. Additionally, conserved cysteine residues could
orm disulfide bridges within or between proteins.
Previous studies have shown that TrAP from TYLCV
nd PYMV binds ssDNA in preference to dsDNA and
oes not exhibit sequence specificity, raising the ques-
ion of how TrAP is targeted to responsive promoters
Noris et al., 1996; Sung and Coutts, 1996). In the studies
resented here, we confirm these findings and extend
hem by showing that TrAP also binds zinc and that zinc
s required for optimal interaction with ssDNA. We further
emonstrate that TrAP is a phosphoprotein and that a
ortion of the carboxyl-terminal acidic domain is suffi-
ient to activate transcription in mammalian and yeast
ells when fused to a heterologous DNA-binding do-
ain. On the basis of these results, testable models are
roposed to explain how TrAP might activate transcrip-
ion.
RESULTS
xpression of TrAP in insect cells
TrAP was expressed in Spodoptera frugiperda (Sf9)
ells using a baculovirus vector derived from Autographa
alifornica multicapsid nuclear polyhedrosis virus (AcM-
PV) (Luckow and Summers, 1988; Miller, 1988). As
hown in Fig. 2, Sf9 cells infected with a recombinant
aculovirus containing AL2 fused to the polyhedrin pro-
oter (AcMNPV-AL2) accumulated detectable levels of
rAP beginning ;26 h postinoculation. This is consistent
ith the late to very late expression pattern of the poly-
FIG. 2. Expression of TrAP in insect cells. Sf9 cells were infected w
he TGMV AL3 protein (AcMNPV-AL3). Protein extracts were obtained
y electrophoresis on a 12% polyacrylamide gel and subjected to Weste
s indicated at the right, and the positions of 18 and 14 kDa molec
oninoculated insect cells obtained at a time equivalent to 62 h postinedrin promoter, which is not active before 15 h postin- mculation. The expressed protein was soluble in high salt
xtraction buffer (500 mM NaCl) and reacted specifically
ith an antiserum raised against a synthetic peptide
orresponding to the N-terminal 23 amino acids of TrAP
Fig. 2). Interestingly, TrAP usually migrated as two to
hree closely spaced bands, suggesting that it is post-
ranslationally modified. A protein of similar mobility was
ot detected by the antibody in extracts obtained from
oninoculated Sf9 cells or cells inoculated with a recom-
inant baculovirus expressing TGMV AL3 protein (Fig. 2).
rAP is a zinc-binding protein
The conserved cysteine and histidine residues in the
entral region of TrAP suggest it is capable of binding
inc ions. To determine whether TrAP does in fact bind
inc, metal chelate affinity chromatography (Porath et al.,
975; Eagle and Klessig, 1992) was performed using total
oluble protein extracts from Sf9 cells infected with Ac-
NPV-AL2. This technique employs an agarose gel ma-
rix to which zinc ions capable of interacting with cys-
eine and histidine residues are bound. Fractionation is
ased on the pH dependence of these interactions,
hich are not stable under acidic conditions (less than
H 6.5). Protein extracts were applied to zinc–agarose
olumns in low-salt buffer (150 mM NaCl, pH 8.0) and,
fter a low-salt wash, columns were washed with high-
alt buffer (800 mM NaCl, pH 8.0) to minimize nonspe-
ific binding. Elution was carried out in high salt with a
ecreasing pH step gradient, and monitored by SDS–
AGE followed by Western blot analysis using TrAP-
pecific antibody as a probe. As shown in Fig. 3, TrAP
as retained by zinc columns under low- and high-salt
onditions at pH 8.0 and eluted at pH 6.0. In contrast,
rAP was not retained on similar columns previously
ashed with EDTA (200 mM) to remove zinc from the gel
mbinant baculoviruses capable of expressing TrAP (AcMNPV-AL2) or
6, 38, and 62 h postinoculation, and equal aliquots were fractionated
analysis using TrAP-specific antibody as a probe. The position of TrAP
eight standards are indicated at the left. Sf9: Extract from control,
ion.ith reco
at 15, 2
rn blot
ular watrix, demonstrating that binding was dependent on the
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4 HARTITZ, SUNTER, AND BISAROresence of the divalent cation (data not shown). As a
urther test of column selectivity, a protein extract ob-
ained from Sf9 cells infected with a recombinant bacu-
ovirus expressing TGMV AL1 (Rep) protein, which does
ot contain a zinc finger, was applied to zinc–agarose
olumns under the same conditions. Rep was not re-
ained in these control experiments (data not shown).
ollectively, these results indicate that TrAP is a zinc-
inding protein.
rAP is a phosphoprotein
That TrAP migrates in polyacrylamide gels as two to
hree closely spaced bands when expressed in insect
FIG. 3. TrAP binds to zinc–agarose columns in a pH-dependent
anner. A representative experiment is shown (similar results were
btained in six independent trials). Protein extracts from Sf9 cells
nfected with AcMNPV-AL2 were loaded onto zinc–agarose columns in
0 mM Tris and 150 mM NaCl, pH 8.0, and the flow through (lane 2) was
ollected. After a low-salt wash (lane 3; 10 mM Tris and 150 mM NaCl,
H 8.0) and a high-salt wash (lane 4; 10 mM Tris and 800 mM NaCl, pH
.0), TrAP was eluted from the column in 100 mM sodium phosphate
uffer containing 800 mM NaCl with decreasing pH (lane 5, pH 7.5; lane
, pH 7.0; lane 7, pH 6.5; lane 8, pH 6.0; lane 9, pH 5.5). Final elution was
arried out in the same buffer containing 200 mM EDTA at pH 6.5 (TrAP
as not detected in this fraction; data not shown). Elution of TrAP from
he column was monitored by Western blot analysis. An aliquot of
nfractionated sample (lane 1) also was included on the gel. The
osition of TrAP is indicated at the left.
FIG. 4. TrAP is phosphorylated in insect cells. Sf9 cells inoculated w
ontaining labeled phosphate. (A) Extracts were obtained, and after
ubjected to autoradiography. (B) After autoradiography, the nitrocellulo
abeled extracts were fractionated by zinc–agarose affinity chromatogra
utoradiography.ells suggests it is posttranslationally modified (Fig. 2).
ecause differential phosphorylation of serine and thre-
nine residues could account for the presence of protein
soforms and because TrAP contains several potential
hosphorylation sites (Fig. 1), in vivo labeling experi-
ents were conducted. In these studies, Sf9 cells inoc-
lated with AcMNPV-AL2 were incubated in standard,
hosphate-containing medium for 48 h, after which the
ells were washed twice in phosphate-free medium and
ncubated a further 90 min. Labeled inorganic phosphate
100 mCi/ml) then was added, and incubation was con-
inued for an additional 3 h, when cells were harvested
nd total soluble protein extracts obtained. Labeled pro-
ein extracts were subjected to polyacrylamide gel elec-
rophoresis and transferred to a nitrocellulose mem-
rane, which was exposed to X-ray film. As shown in Fig.
A, autoradiography revealed the presence of a number
f labeled cellular (and AcMNPV) proteins; however, a
rotein with the mobility of TrAP was seen only in ex-
racts obtained from cells inoculated with AcMNPV-AL2
lane 1) and not in extracts from noninoculated cells (not
hown) or cells inoculated with AcMNPV-AL3 (lane 2).
he identity of this protein was verified by Western blot
nalysis of the same membrane, which showed that it
eacted with TrAP-specific antibody (Fig. 4B). In a parallel
xperiment, fractionation of an extract obtained from
etabolically labeled Sf9 cells inoculated with AcMNPV-
L2 by zinc–agarose affinity chromatography resulted in
he retention of a labeled protein of the appropriate
obility, which eluted from the zinc–agarose column at
H 6.0 (Fig. 4C). That this labeled protein binds zinc and
as absent from similarly fractionated extracts obtained
NPV-AL2 (lane 1) or AcMNPV-AL3 (lane 2) were incubated in medium
ation by SDS–PAGE, proteins were transferred to nitrocellulose and
r was probed with TrAP-specific antibody. (C) In a parallel experiment,
d column fractions eluting at pH 6.0 were analyzed by SDS–PAGE andith AcM
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5CHARACTERIZATION OF TrAProm AcMNPV-AL3 inoculated cells further supports its
dentification as TrAP. It was concluded from these stud-
es that TrAP is phosphorylated in insect cells and, be-
ause phosphorylation generally occurs with high fidelity
n this expression system, that TrAP is likely to be phos-
horylated in plant cells as well. In addition, these data
ndicate that a phosphorylated form(s) of TrAP is compe-
ent to bind zinc. Whether nonphosphorylated TrAP also
an bind zinc remains to be investigated.
Although TrAP is not expected to be glycosylated,
GMV TrAP contains two nonconserved, potential N-
lycosylation sites (N-X-S/T). To investigate whether
rAP might be a glycoprotein, Sf9 cells inoculated with
cMNPV-AL2 were incubated in the presence of the
ungal antibiotic tunicamycin, which blocks the addition
f N-linked oligosaccharides to protein. Tunicamycin
reatment (10 mg/ml) had no significant effect on the
obility of TrAP, even though it clearly suppressed the
lycosylation of a number of insect cell proteins, as
udged by differences in electrophoretic mobility ob-
erved in the protein profiles of extracts from treated and
ntreated cells (data not shown). Thus no evidence for
-linked glycosylation of TrAP was obtained in these
xperiments.
rAP nonspecifically binds ssDNA
To determine whether TrAP has DNA-binding activity,
xtracts from Sf9 cells inoculated with AcMNPV-AL2
ere subjected to ssDNA and dsDNA cellulose column
hromatography. Protein extracts were loaded on the
olumns and extensively washed with loading buffer
ontaining 100 mM NaCl, after which elution was carried
ut stepwise with buffer containing increasing concen-
rations of salt. SDS–PAGE and Western blot analysis
ere used to monitor the elution of TrAP. As shown in
ig. 5A, TrAP was retained on ssDNA cellulose columns
n 100 mM NaCl and eluted under high-salt conditions
500 mM NaCl), suggesting that TrAP is able to bind
sDNA. That some TrAP was present in the flow through
raction (Fig. 5A, lane 2) can be attributed to the presence
f competing cellular DNA-binding proteins in the total
oluble extract. In support of this conclusion, the ratio of
ound to unbound TrAP significantly increased when a
maller amount of extract (50 vs 200 ml) was applied to
he column (data not shown). In contrast, TrAP demon-
trated a weak affinity for dsDNA. Relatively little TrAP
as retained by dsDNA cellulose and what was bound
luted in 250–500 mM NaCl (Fig. 5B). Reducing the
mount of extract applied to dsDNA cellulose columns
id not increase the proportion of TrAP bound (data not
hown).
Because TrAP is a basic protein (pI 5 10.0), its inter-
ction with DNA columns could be a consequence of net
ositive charge. To address this possibility, a control
xperiment was performed using lysozyme (pI 5 10.5– n1.0). Lysozyme was not retained by either ssDNA or
sDNA cellulose columns in loading buffer containing
00 mM NaCl (data not shown), indicating that the reten-
ion of TrAP was not due solely to charge.
To further investigate the DNA-binding properties of
rAP, electrophoretic mobility shift analysis (EMSA) was
erformed using TGMV DNA fragments containing se-
uences known to mediate TrAP activity (Sunter and
isaro, 1997; G. Sunter, F. Meyer, and D. M. Bisaro,
npublished results). The fragments were used as either
sDNA or dsDNA, and included a 154-bp Bsu36I/DraI
ragment, a 107-bp Bsu36I/NdeI fragment, and a 103-bp
vuI/DraI fragment, all from the intergenic region of DNA
. The largest of these contains the conserved hairpin
nd the less conserved AAGTGGTCC (conserved late
lement; Arguello-Astorgia et al., 1994; Ruiz-Medrano et
l., 1999), CCAATC, and AGATATTT motifs found in some
ut not all begomovirus CP and BR1 promoters and
ariously implicated in TrAP-mediated activation in me-
ophyll cells and protoplasts. The 107- and 103-bp frag-
ents are contained within the 153-bp fragment. In ad-
ition, a 361-bp Bsu36I/NheI fragment and an internal
31-bp PCR-derived fragment from the region of the ge-
FIG. 5. DNA cellulose chromatography. Protein extracts from Sf9
ells inoculated with AcMNPV-AL2 were loaded onto ssDNA (A) or
sDNA (B) cellulose columns in 10 mM Tris, 100 mM NaCl, 1 mM EDTA,
nd 10% glycerol, pH 7.5, and the flow through (lane 2) was collected.
fter extensive washing in loading buffer (lane 3), proteins were eluted
ith buffer containing increasing concentrations of NaCl: 250 mM (lane
), 500 mM (lane 5), 750 mM (lane 6), 1000 mM (lane 7), 1500 mM (lane
), and 2000 mM (lane 9). Elution of TrAP from the column was
onitored by Western blot analysis. An aliquot of unfractionated sam-
le (lane 1) also was run on the gel. The position of TrAP is indicated
t the left.ome known to mediate derepression by TrAP also were
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6 HARTITZ, SUNTER, AND BISAROsed. Initial experiments employed TrAP expressed in E.
oli BL21 cells as an N-terminal, glutathione-S-trans-
erase (GST) fusion protein. After expression in BL21
ells, the GST:TrAP fusion protein was partially purified
y glutathione–agarose affinity chromatography (Fig. 6).
NA fragments were end labeled with 32P, incubated
ith GST:TrAP under a variety of conditions of salt, com-
etitor DNA, and protein concentration, and subjected to
AGE and autoradiography.
FIG. 6. Expression of TrAP in E. coli. A GST:TrAP fusion protein was
xpressed in E. coli BL21 cells, partially purified by glutathione–aga-
ose affinity chromatography, and subjected to SDS–PAGE followed by
oomassie staining. Extracts from E. coli cultures or partially purified
rotein samples (see Materials and Methods) are shown. Lane 2,
xtract from uninduced cells containing pGEX-TrAP; lane 3, extract from
ells containing pGEX-TrAP induced with 0.1 mM IPTG; lane 4, partially
urified GST:TrAP (1 mg); lane 5, extract from uninduced cells contain-
ng the pGEX2T expression vector; lane 6, extract from cells containing
GEX2T induced with 0.1 mM IPTG; lane 7, partially purified GST (1 mg).
anes 1 and 8 contain molecular weight standards. The positions of
ST and GST:TrAP are indicated at the right, and the positions of 29
nd 43 kDa molecular weight standards are indicated at the left.
FIG. 7. Mobility shift analysis. (A) Mobility shift studies of an ssDNA p
154-bp Bsu36I–DraI fragment of TGMV DNA A as 32P-ssDNA probe i
mg GST:TrAP; lane 4, probe 1 1 mg GST:TrAP 1 400 ng M13 ssDNA
25-fold molar excess); lane 6, probe 1 1 mg GST:TrAP 1 5 ng Bsu36I–
50 ng Bsu36I–DraI dsDNA fragment (100-fold molar excess). (B) M
bsence of zinc-chelating agents. An autoradiograph of a representa
2P-ssDNA probe is shown. Lane 1, ssDNA probe; lane 2, probe 1 1 mg
mg GST:TrAP 1 100 mM EDTA; lane 5, probe 1 1 mg GST:TrAP 1
henanthrolene.As illustrated with the 154-bp Bsu36I/DraI fragment in
ig. 7A (lane 3), GST:TrAP bound all ssDNA fragments
ested. In each case, multiple, discrete complexes were
bserved, which probably correspond to DNA probe
ragments associated with different amounts of protein.
he formation of discrete GST:TrAP- ssDNA complexes
as not significantly altered by changes in NaCl concen-
ration (0, 100, 150, 250 mM) or the presence or absence
f zinc acetate (0, 1 pM, 1 nM, 1 mM), indicating that
inding was reasonably stable and was not enhanced by
he addition of zinc (data not shown). Moreover, binding
f ssDNA probes was not significantly affected by up to
100-fold molar excess of the same sequence in double-
tranded form (Fig. 7, lanes 6 and 7), showing that TrAP
xhibits a strong preference for ssDNA over dsDNA.
owever, TrAP binding to ssDNA fragments was se-
uence nonspecific, as it was efficiently competed by
sDNA fragments from other regions of the TGMV ge-
ome (data not shown) and by phage M13 ssDNA (Fig.
A, lanes 4 and 5).
In most experiments, GST:TrAP proved unable to bind
GMV DNA fragments in double-stranded form. How-
ver, in some cases, probe mobility was altered resulting
n the appearance of a diffuse smear rather than a
iscrete complex or complexes (data not shown). Dis-
rete complex formation could not be encouraged by
arying the NaCl (10–250 mM) or the protein concentra-
ion (0.15–0.5 mg/ml) or by the addition of zinc acetate (1
M to 1 mM). Because interaction between dsDNA and
ST:TrAP was not reproducible, it was not studied fur-
her. It also proved difficult to perform EMSA using Sf9
ell extracts containing native TrAP due to the presence
ith GST:TrAP. An autoradiograph of a representative experiment using
n. Lane 1, ssDNA probe; lane 2, probe 1 1 mg GST; lane 3, probe 1
d molar excess); lane 5, probe 1 1 mg GST:TrAP 1 1 mg M13 ssDNA
DNA fragment (10-fold molar excess); lane 7, probe 1 1 mg GST:TrAP
hift analysis of an ssDNA probe with GST:TrAP in the presence and
periment using a 154-bp Bsu36I–DraI fragment of TGMV DNA A as
rAP; lane 3, probe 1 1 mg GST:TrAP 1 10 mM EDTA; lane 4, probe 1
phenanthrolene; lane 6, probe 1 1 mg purified GST:TrAP 1 10 mMrobe w
s show
(10-fol
DraI ds
obility s
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7CHARACTERIZATION OF TrAPf cellular ssDNA and dsDNA-binding activities. And
lthough partial purification of TrAP by zinc–agarose
ffinity chromatography permitted its separation from
ellular proteins that interacted with TGMV dsDNA probe
ragments, TrAP-containing fractions did not exhibit
sDNA-binding activity (data not shown). Zinc–agarose
hromatography did not separate TrAP from ssDNA-
inding activities present in Sf9 cells.
To directly investigate a zinc ion requirement for DNA
inding, EMSA using GST:TrAP with TGMV ssDNA
robes was repeated in the presence of EDTA (10 and
00 mM), an efficient chelator of divalent cations, and
,10-phenanthrolene (1 and 10 mM), an agent capable of
emoving zinc ions from metalloproteins. In control ex-
eriments, both EDTA (10 and 50 mM) and 1,10-phenan-
hrolene (1 mM) reduced or abolished the zinc-depen-
ent DNA-binding activity of transcription factor Sp1 in
obility shift assays but neither had a significant effect
n the activity of AP-2, which does not require zinc for
equence specific binding to DNA (data not shown). As
hown in Fig. 7B (lanes 3 and 4), the presence of EDTA
n EMSA reactions substantially reduced but did not
bolish GST:TrAP binding activity, indicating that zinc is
equired for optimal ssDNA binding. On the other hand,
,10-phenanthrolene had, at most, only a small effect on
he formation of GST:TrAP-ssDNA complexes (Fig. 7B,
anes 5 and 6). Thus the sensitivity of TrAP to zinc
helating agents appears to depend on the particular
gent employed, as has been observed with other pro-
eins (Kadonaga et al., 1987).
It was concluded from these experiments that TrAP is
apable of binding ssDNA in a sequence nonspecific
anner and that optimal interaction with ssDNA requires
inc. In contrast, TrAP interacts only weakly with dsDNA
nder the conditions employed in this study.
rAP has a carboxyl-terminal transcriptional
ctivation domain
Transcriptional activation domains often have acidic
haracter, and those that have been tested are functional
n cells from diverse organisms and across phylogenetic
ingdoms. For example, the activation domain of the
east protein GAL4 can stimulate transcription from pro-
oters containing GAL4 binding sites in yeast, mamma-
ian, and plant cells (Kakidani and Ptashne, 1988; Ma et
l., 1988; Webster et al., 1988). To determine whether
rAP has a similar transcription activation activity, the
oding sequence of the entire protein, and portions
hereof, were fused to part of the GAL4 gene encoding
he DNA-binding domain (amino acids 1–147) and in-
erted into a mammalian expression plasmid down-
tream of the SV40 early promoter. The resulting effector
lasmids were cotransfected into mouse fibroblasts
NIH3T3 cells) with a reporter plasmid containing the
hloramphenicol acetyl transferase gene (CAT) driven by aminimal E1B promoter containing GAL4 binding sites,
nd CAT enzyme levels were measured by ELISA 48 h
osttransfection.
As shown in Fig. 8, CAT was not detected in cells
otransfected with the reporter plasmid and a negative
ontrol effector plasmid expressing only GAL41–147. How-
ver, CAT was present in cells cotransfected with the
eporter plasmid and a positive control effector plasmid
xpressing a fusion protein consisting of GAL41–147 and
he acidic activation domain of the herpesvirus transcrip-
ion factor VP16 (C-terminal 78 amino acids; VP16413–490).
hat CAT also was detected in cells transfected with the
eporter plasmid, and an effector plasmid expressing
AL41–147:TrAP1–129 provided clear evidence that TrAP is
lso capable of activating transcription. To localize
mino acid sequences in TrAP that confer activation
ctivity, a series of effector plasmids able to express
efined regions of TrAP (TrAP1–83, TrAP42–129, TrAP83–129,
rAP101–129, and TrAP115–129) fused to GAL41–147 were co-
ransfected into NIH3T3 cells with the reporter plasmid.
his analysis revealed that the carboxyl-terminal 15
FIG. 8. Transcriptional activation by TrAP in NIH3T3 cells. Data for
he constructs shown were obtained from three to six independent
xperiments. Error bars indicate standard deviation. Cells were trans-
ected with effector plasmids expressing the GAL4 DNA-binding do-
ain (GAL41–147; negative control), or the GAL4 DNA-binding domain
used with the activation domain of VP16 (positive control), with full-
ength TrAP (1–129), or with defined regions of TrAP (1–83, 42–129,
3–129, 101–129, and 115–129). Cells were simultaneously transfected
ith a reporter plasmid containing the CAT gene driven by a minimal
IB promoter (TATA box) with GAL4 binding sites positioned immedi-
tely upstream. Fusion proteins are tethered to the minimal promoter
y GAL4 DNA-binding domain interaction with the GAL4 binding sites.
he ability of fusion proteins produced from effector plasmids to acti-
ate transcription was measured directly by the amount of CAT protein
roduced, as determined by CAT ELISA. The activity of the VP16
ctivation domain was arbitrarily set at 100%.mino acids (115–129) are sufficient to activate transcrip-
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8 HARTITZ, SUNTER, AND BISAROion (Fig. 8). Interestingly, constructs containing the C-
erminal acidic region but lacking amino acids 1–41 were
onsiderably more active than full-length TrAP. The rea-
on for this is unclear, but reduced activity could be due
o a negative regulatory activity of the N-terminal TrAP
equence, to a toxic effect of this sequence, or to re-
uced stability or suboptimal folding of larger GAL4:TrAP
usion proteins.
Similar experiments were performed in yeast. Here,
he reporter strain Y190 was employed that contains a
hromosomal E. coli lacZ gene under control of the GAL1
romoter. Effector plasmids were constructed to express
AL41–147 fused to TrAP1–129, TrAP1–83, and TrAP83–129 from
he yeast alcohol dehydrogenase promoter. After trans-
ection of Y190 cells with these effector plasmids, b-ga-
actosidase activity (indicated by blue color after a filter
ift assay) was clearly apparent in colonies expressing
AL41–147 fused to TrAP1–129 and TrAP83–129 but not in col-
nies expressing GAL41–147:TrAP1–83 (data not shown).
owever, cells expressing full-length TrAP grew much
ore slowly and produced much smaller colonies than
ontrol cells or cells expressing other TrAP fusion pro-
eins. Direct measurement of the amount of b-galactosi-
ase produced by transfected Y190 cells grown in liquid
ulture showed that GAL41–147:TrAP83–129 was consider-
bly more active than full-length TrAP, as was the case in
IH3T3 cells (Table 1 and Fig. 8). This analysis also
onfirmed that cells expressing full-length TrAP grow
ess vigorously than control cells or those expressing
TABLE 1
b-Galactosidase Activity in Yeast Y190 Cells Expressing GAL4:TrAP
Fusion Proteins
Protein
expressed
Cell growth
(OD600 units)
a
b-galactosidase activity
(units)b
one 2.40 0.00
AL4 (pCL1) 1.02 4367.00
AL41–147:TrAP1–129
(pGBE504) 0.88 1.10
AL41-147:TrAP1-83
(pGBY203) 1.21 0.05
AL41-147:TrAP83-129
(pGBY204) 1.35 327.00
Note. Yeast Y190 reporter cells containing the b-galactosidase gene
nder control of the GAL1 promoter were transfected with effector
lasmids expressing full-length GAL4 (pCL1; positive control) or GAL4
NA-binding domain:TrAP fusion proteins and grown to mid-log phase
n SC medium lacking leucine (pCL1) or tryptophan (all other plasmids)
nd containing a nonrepressing carbon source (sucrose). Data from a
epresentative experiment (one of three independent experiments) are
hown. Effector plasmids are in parentheses.
a OD600 readings were taken after 48 h as a measure of cell growth.
b b-Galactosidase activity was measured after 48 h using the ONPG
ssay (see Materials and Methods) and is expressed in Miller units.AL4, GAL41–147:TrAP1–83 or GAL41–147:TrAP83–129 (Table 1). shus full-length TrAP appears to exhibit some toxicity,
nd this could be responsible, at least in part, for the
ower transcriptional activity consistently observed in
east and NIH3T3 cells. This may not be the complete
xplanation because the method employed to measure
-galactosidase activity takes into account differences in
ell growth (see Materials and Methods). Additional
tudy is required to determine whether the N-terminal
egion exerts a negative regulatory effect on the activa-
ion domain, or if more trivial explanations (enumerated
arlier) apply.
It was determined from these experiments that TrAP
ontains a transcriptional activation domain within the
-terminal region and that a minimal domain encom-
assing amino acids 115–129 is sufficient for transcrip-
ional activation activity. This domain functions similarly
n yeast and mammalian cells and, given that acidic
ctivation domains in general are not organism- or king-
om-specific in their activity, it is likely that these C-
erminal 15 amino acids are also capable of stimulating
ranscription in plant cells.
DISCUSSION
The goal of this study was to determine some of the
iochemical properties of TrAP with the idea that a
nowledge of these properties will guide further re-
earch into the mechanisms by which TrAP stimulates
ranscription. Using a native protein expressed in insect
ells from a baculovirus vector, we showed that TrAP
inds zinc, as judged by its retention on zinc–agarose
ffinity columns (Fig. 3). This is consistent with the pres-
nce of conserved cysteine and histidine residues in the
entral region of the protein (Fig. 1). The results of this
tudy and others (Noris et al., 1996; Sung and Coutts,
996; Figs. 5 and 7) also indicate that TrAP binds ssDNA
n a sequence nonspecific manner but only weakly in-
eracts with dsDNA. It further has been demonstrated
hat a polypeptide consisting of the central region of
YLCV TrAP (amino acids 33–104), including the con-
erved cysteine and histidine residues, is sufficient to
ind ssDNA in mobility shift experiments (Noris et al.,
996). This suggests that zinc binding plays some role in
he interaction of TrAP with ssDNA, and our studies that
how that the chelating agent EDTA substantially re-
uces ssDNA-binding activity support this view (Fig. 7).
ore specifically, it appears that although zinc is not
equired for TrAP–ssDNA interaction in vitro, zinc facili-
ates the formation of TrAP:ssDNA complexes. Mutagen-
sis of conserved cysteine and histidine residues is in
rogress to determine their role in zinc binding, to further
xamine the relationship between zinc and ssDNA-bind-
ng activities, and to determine the functional relevance
f both of these activities.
It is conceivable that the interaction of TrAP with
sDNA and zinc is not involved in transcriptional regu-
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9CHARACTERIZATION OF TrAPation but is important for some other TrAP activity that
as not yet been described. In this regard, it is interest-
ng to note that several viral proteins that do not directly
odulate transcription also bind both ssDNA and zinc.
mong these are the adenovirus DNA-binding protein
DBP) (Eagle and Klessig, 1992) and phage T4 gene 32
rotein (gp32) (Kornberg and Baker, 1992). Both DBP and
p32 are essential for viral DNA replication. These pro-
eins appear to bind viral ssDNA at the replication fork
here they promote strand separation and removal of
econdary structure in the template strand, thereby stim-
lating the activity and processivity of viral polymerase
Kornberg and Baker, 1992; Hay, 1996). The available
vidence, however, does not support a direct role for
rAP in DNA replication. TGMV al2 mutants accumulate
ild-type levels of dsDNA RF, and although AL2 function
s required for the efficient accumulation of ssDNA
Hayes and Buck, 1989; Sunter et al., 1990), this probably
eflects its requirement for CP and BR1 expression. CP
nd BR1 also bind ssDNA, and it is more likely that they
re directly responsible for the accumulation of ssDNA
Pascal et al., 1994; Jeffrey et al., 1996). Furthermore it
an be argued that placing CP and BR1 under the control
f TrAP ensures that these genes are expressed late in
nfection, allowing sufficient accumulation of dsDNA RF
efore ssDNA is removed from the replication pool by
ncapsidation or the formation of movement complexes.
In the case of most zinc-binding transcription factors,
inc-binding regions are involved in sequence-specific
ecognition of response elements in dsDNA (Berg, 1990;
oleman, 1992). Because TrAP does not bind dsDNA, it
s clear that it is not a canonical transcription factor and
robably is not targeted to responsive promoters in this
ay. An alternative mechanism for promoter recognition
mployed by certain mammalian virus transcription fac-
ors involves protein–protein interactions between the
iral factor and cellular proteins capable of recognizing
pecific sequence motifs in promoters. Thus we con-
ider it likely that TrAP is targeted to responsive promot-
rs in a manner similar to VP16 (herpes simplex virus)
nd E1a (E1a 289R; adenovirus). Both of these proteins
ossess an activation domain and recognize responsive
romoters via interaction with cellular transcription fac-
ors (Gerster and Roeder, 1988; Triezenberg et al., 1988;
ristie et al., 1989; Flint and Shenk, 1989; Kristie and
harp, 1990; Berk, 1992; Liu and Green, 1994).
The results of in vivo labeling experiments presented
n this report indicate that TrAP is phosphorylated in
nsect cells (Fig. 4). Because phosphorylation in this
ystem generally occurs with high fidelity, it is likely that
rAP is phosphorylated in a similar fashion in plant cells.
t is tempting to speculate that alternative phosphoryla-
ion generates TrAP isoforms that stimulate transcription
y disparate mechanisms (e.g., activation or derepres-
ion). At the biochemical level, differential phosphoryla-ion may influence TrAP’s ability to bind zinc and/or DNA. pn this context, we have demonstrated that a phosphor-
lated form of TrAP is capable of binding zinc (Fig. 4), but
e have not yet determined whether nonphosphorylated
rAP also interacts with zinc ions. Because TrAP ex-
ressed in E. coli is capable of binding ssDNA, we infer
hat (at least) nonphosphorylated TrAP has this DNA-
inding activity (Fig. 7). TrAP expressed in insect cells
which may comprise a mixture of phosphorylated and
onphosphorylated protein) also binds ssDNA cellulose
olumns, but we have not yet determined whether phos-
horylated or nonphosphorylated forms are preferen-
ially retained under these conditions (Fig. 5). However,
ecause neither TrAP expressed in E. coli or in insect
ells appears to bind dsDNA, we infer that both phos-
horylated and nonphosphorylated forms are unable to
ind dsDNA with appreciable affinity.
Consistent with its ability to stimulate transcription, we
emonstrated that TrAP contains a relatively potent tran-
criptional activation domain that is functional in mam-
alian and yeast cells (Fig. 8 and Table 1). Because
ctivation domains typically function across phylogenetic
ingdoms (Kakidani and Ptashne, 1988; Ma et al., 1988;
ebster et al., 1988), we expect that this domain is
equired for TrAP to stimulate transcription in plant cells.
hat truncated TrAP lacking the activation domain is
nable to activate the TGMV CP promoter in tobacco
rotoplasts lends support to this view (M. D. Hartitz, J.
unter, and D. M. Bisaro, unpublished results). The acti-
ation domain maps to the acidic C terminus of the
rotein (amino acids 101–129; net charge 26) and a
inimal domain was delimited within this region. We
ound that only the C-terminal 15 amino acids (115–129)
re required for activity in NIH3T3 cells when fused to a
eterologous DNA-binding domain (Fig. 8). The minimal
ctivation domain carries a somewhat smaller net neg-
tive charge (24), and contains several highly conserved
ydrophobic residues that can be aligned with hydropho-
ic residues found in other acidic activation domains
Cress and Triezenberg, 1991; Regier et al., 1993). Inter-
stingly, we also obtained evidence suggesting that the
ctivation domain might be negatively regulated by an-
ther domain residing near the N terminus; between
esidues 1 and 41. Work is in progress to ascertain
hether the increased activation activity noted with
AL4 DNA-binding domain:TrAP fusion proteins lacking
his N-terminal region is indeed due to the absence of a
egative regulatory function or whether the presence of
his region increases the toxicity of TrAP or alters its
olding within fusion proteins in a detrimental manner.
Activation domains are believed to enhance transcrip-
ion by specifically binding and recruiting components of
he basal transcription machinery, including general tran-
cription factors (GTFs) and TATA binding-protein-asso-
iated factors (TAFs), to the promoter, which in turn
ecruit RNA polymerase II (Triezenberg, 1995). GTFs re-
orted to be contacted by acidic activation domains
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10 HARTITZ, SUNTER, AND BISAROnclude TATA binding protein, TFIIB, TFIIH, and TFIIA.
ore recently, it has been shown that acidic activation
omains also bind human TAFII32 and its homolog, Dro-
ophila TAFII40 (Goodrich et al., 1993; Klemm et al., 1995).
e predict that the TrAP activation domain stimulates
ranscription by interacting with similar factors, and that
hese factors are conserved in yeast, mammalian, and
lant cells.
MATERIALS AND METHODS
NA techniques
Nucleotide coordinates and restriction endonuclease
ites referred to in this manuscript are from the wild-type
GMV sequence (Hamilton et al., 1984). All restriction
ndonucleases and DNA modifying enzymes were used
s recommended by the manufacturers. Other tech-
iques were performed according to Ausubel et al. (1987)
nless otherwise specified. Sequences of the relevant
egions of baculovirus expression constructs, as well as
AL4:TrAP and GST:TrAP fusion constructs, were directly
onfirmed by nucleotide sequencing using the Seque-
ase protocol (United States Biochemical, Cleveland,
H).
xpression of TrAP in insect cells
The intact AL2 ORF was obtained from plasmid pTGA6
Sunter et al., 1989) by polymerase chain reaction (PCR)
sing 59-GATCTATGCGAAATTCGTCTTCCTC-39 as the 59
rimer and 59-GGAGATCTCTATTTAAATAAGTTCTCCC-39
s the 39 primer. The resulting AL2 PCR fragment was gel
urified, rendered blunt-ended using the Klenow frag-
ent of DNA polymerase I, and cloned into SmaI-cleaved
GEM4 (Promega, Madison, WI) to create pTGA303. The
L2 insert in pTGA303 is flanked by an EcoRI site at the
9 end (from the plasmid multilinker) and a BglII site at
he 39 end (from the 39 primer). The AL2 ORF was taken
rom pTGA303 and inserted downstream of the poly-
edrin promoter in the baculovirus expression vector
VL1392 (Ausubel et al., 1987; Luckow and Summers,
989) as an EcoRI–BglII fragment to create pTGA311.
Baculovirus containing the AL2 gene (AcMNPV-AL2)
as recovered after homologous recombination be-
ween the baculovirus expression vector and AcMNPV
iral DNA. Recombination results in replacement of the
ild-type polyhedrin gene in AcMNPV with the poly-
edrin promoter:AL2 fusion in pTGA311. Wild-type AcM-
PV and the Sf9 cell line were kindly provided by Dr.
red Hink (Ohio State University). Vector DNA (pTGA311;
mg) and AcMNPV viral DNA (1 mg) were coprecipitated
ith calcium phosphate and transfected into Sf9 cells
Summers and Smith, 1987). Virus was harvested from
ransfected cultures after incubation at 28°C for 72 h,
erially diluted, and plated. Recombinants were selected
y visual screening for an occlusion-negative plaque 6henotype. Recombinants (AcMNPV-AL2) were sub-
ected to three rounds of plaque purification to eliminate
ild-type AcMNPV.
To express TrAP, Sf9 cells (maintained in TNM-FH
edium supplemented with 10% fetal bovine serum)
ere infected with AcMNPV-AL2 at a m.o.i. of 10 (Sum-
ers and Smith, 1987). After ;60-h incubation, cells
ere harvested by low-speed centrifugation, washed
wice in phosphate buffered saline, and lysed by sonica-
ion in high-salt extraction buffer [50 mM Tris, pH 7.5, 500
M NaCl, 5 mM MgCl2, 0.2 mM EDTA, 1 mM phenyl-
ethylsulfonyl fluoride (PMSF; Sigma, St. Louis, MO), 1
g/ml aprotinin (Sigma), 1 mg/ml leupeptin (Sigma), and
mg/ml pepstatin A (Sigma)]. After centrifugation at
00,000 g for 90 min, high-speed clarified supernatants
ere decanted and stored at 280°C until used.
Total protein in clarified extracts was visualized by
oomassie staining after electrophoresis though 10%
DS–12% polyacrylamide gels (SDS–PAGE). TrAP was
etected after Western blot analysis using an antibody
irected against a synthetic peptide corresponding to the
-terminal 23 amino acids (prepared by Dr. V. Hari,
ayne State University).
nalysis of phosphorylation and glycosylation
Sf9 cells infected with AcMNPV-AL2 were metaboli-
ally labeled at 48 h postinoculation with [32P]orthophos-
horic acid (100 mCi/ml; New England Nuclear, Boston,
A). Briefly, cells were washed twice in phosphate-free
NM-FH medium and incubated in the same for 90 min,
ollowing which the media again was replaced with
NM–FH medium containing only labeled phosphate.
ells were harvested and proteins extracted after a fur-
her 3-h incubation. To examine possible glycosylation,
unicamycin (10 mg/ml; Sigma) was added during incu-
ation both before and after the addition of labeled
hosphate.
inc-affinity chromatography
Experiments were performed essentially as described
y Eagle and Klessig (1992). Briefly, zinc chelate affinity
bsorbent (Boehringer Mannheim, Indianapolis, IN)
;200 ml of suspension) was loaded into 0.8 3 4 cm
inicolumns and equilibrated in 50 mM Tris, pH 8.0, and
50 mM NaCl. Extracts from Sf9 cells infected with Ac-
NPV-AL2 or other recombinant baculoviruses were di-
uted to 150 mM NaCl prior to loading, following which
olumns were washed sequentially with 10 column vol-
mes each of loading buffer and high salt buffer (50 mM
ris, pH 8.0, and 800 mM NaCl). Elution then was carried
ut stepwise, using five column volumes at each step, in
00 mM NaPO4 buffer and 800 mM NaCl with decreasing
H (7.5, 7.0, 6.5, 6.0, 5.5). Finally, any protein remaining on
he columns was eluted in sodium phosphate buffer (pH
.5) containing 200 mM EDTA. Equivalent aliquots of
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11CHARACTERIZATION OF TrAPolumn fractions were analyzed by SDS–PAGE followed
y Western immunoblotting as described above.
NA cellulose chromatography
Cellulose containing calf thymus dsDNA (3–8 mg/g) or
sDNA (3–6 mg/g) was obtained from Sigma (St. Louis,
O). Extracts (50–200 ml) from Sf9 cells infected with
cMNPV-AL2 were diluted to 1 ml in 10 mM Tris, 100 mM
aCl, 1 mM EDTA, and 10% glycerol, pH 7.5 (final con-
entration). The diluted samples were loaded on mini-
olumns containing 0.2 ml ssDNA or dsDNA cellulose
quilibrated in the same buffer and washed with 5 col-
mn volumes of buffer. Proteins then were eluted step-
ise with the same buffer containing increasing
mounts of salt (250, 500, 750, 1000, 1500, and 2000 mM
aCl). Equivalent aliquots of column fractions were an-
lyzed by SDS–PAGE followed by Western immunoblot-
ing as described above.
xpression of TrAP in E. coli
TrAP was expressed in E. coli as a glutathione-S-
ransferase (GST) fusion protein (Smith and Johnson,
988). To do this, a 424-bp fragment containing the AL2
RF was generated by PCR from pTGA26 (Sunter et al.,
990) and cloned into pGEX2T (Pharmacia, Piscataway,
J) to create a GST:TrAP translational fusion (pGEX-
rAP). Plasmid DNA was isolated from transformed E.
oli DH5a and subsequently transformed into E. coli
L21(DE3)pLysS cells (Pharmacia).
E. coli BL21 cells containing pGEX-TrAP were inocu-
ated into LB media containing 100 mg/ml ampicillin and
5 mg/ml chloramphenicol and grown at 37°C overnight.
he overnight culture was diluted 1:20 into 500 ml LB
roth containing 100 mg/ml ampicillin and 25 mg/ml
hloramphenicol and grown at 37°C for 1 h. A 1-ml
liquot was removed and incubated at 37°C for a further
h (this represents the noninduced culture). The remain-
er of the 500-ml culture was induced by addition of IPTG
o 0.1 mM and incubated for 3 h at 37°C. A 1-ml aliquot
f the induced culture was removed for analysis. A par-
llel 500-ml culture inoculated with cells containing the
GEX2T vector was treated in the same manner to purify
ST as a control. Aliquots of non-induced and induced
ells were pelleted in a microfuge, resuspended in 1 ml
f Laemmli buffer, and analyzed by SDS–PAGE followed
y Coomassie staining.
To purify GST:TrAP and GST, cells were pelleted from
nduced 500-ml cultures and resuspended in 50 ml ice-
old lysis buffer (13 PBS containing 100 mM EDTA, 1%
riton X-100, 1 mM leupeptin, 1 mM pepstatin, and 1 mM
MSF). Cells were lysed by sonication. After low-speed
entrifugation to remove cell debris, GST:TrAP and GST
ere bound to glutathione–agarose beads (0.5 ml;
igma, St. Louis, MO), and washed with PBS containing
00 mM EDTA to remove unbound protein. Partially pu- fified GST:TrAP and GST were eluted from the beads by
he addition of 20 mM reduced glutathione, 50 mM Tris,
H 8.0. Fractions containing GST:TrAP or GST were dia-
yzed against 20 mM HEPES-KOH, pH 7.9, 100 mM KCl,
2.5 mM MgCl2, 0.2 mM EDTA, 20% glycerol, 1 mM PMSF,
nd 2 mM DTT at 4°C overnight. Dialyzed proteins were
oncentrated using Centricon-30 columns (Amicon, Bev-
rly, MA) to a final volume of 1 ml.
obility shift analysis
Various DNA fragments (see Results) were end-la-
eled using g-[32P]ATP and T4 DNA kinase. Labeled
NAs were separated from unincorporated nucleotides
y Sephadex G-50 chromatography and used either as
ouble-stranded probes or boiled for 10 min, quick
ooled on ice, and used as single-stranded probes.
Labeled DNA probes (5000–10,000 cpm) were incu-
ated in 50 mM Tris, pH 7.5, 5 mM MgCl2, 2.5 mM EDTA,
.5 mM DTT, 250 mM NaCl, 20% glycerol, and 250 mg/ml
oly dI:dC, at room temperature for 10 min followed by
he addition of partially purified GST:TrAP (1–3.5 mg for
xperiments with ssDNA probes, and 1.0–7.5 mg with
sDNA probes) and further incubation at room tempera-
ure for 20 min. Protein/DNA complexes were resolved
y electrophoresis in 4% polyacrylamide gels in TBE
uffer at room temperature for 3 h. After electrophoresis,
els were dried and autoradiographed.
nalysis of transcriptional activation by TrAP in
IH3T3 cells
Effector plasmids containing the full-length TGMV AL2
RF, or defined portions thereof, were generated by PCR
sing the primers indicated in Table 2. The resulting PCR
roducts were inserted as EcoRI–EcoICRI fragments into
he multilinker of EcoRI–SmaI cleaved pBXG1 and ampli-
ied in E. coli. Plasmid pBXG1 is a mammalian expres-
ion plasmid containing the SV40 early promoter and
olyadenylation site flanking the GAL4 DNA-binding do-
ain (GAL41–147) (Sadowski et al., 1988). The pBXG1.VP16
ositive control plasmid contains the C-terminal 78
mino acids of VP16 fused to the GAL4 DNA-binding
omain (Sadowski et al., 1988). The pG5EC reporter
lasmid contains the chloramphenicol acetyl transferase
CAT) gene driven by a minimal E1B promoter (TATA box)
ith five repeats of the GAL4 binding site inserted up-
tream (Lillie and Green, 1989). Plasmids pBXG1,
BXG1.VP16, and pG5EC were kindly provided by Drs.
ark Ptashne (Harvard University) and Tsonwin Hai
Ohio State University).
NIH 3T3 cells were grown in Dulbecco’s modified
agle’s medium (Life Technologies, Grand Island, NY)
ontaining 10% calf serum in 100-mm petri plates. Con-
luent plates were split 1:15 before transfection, and cells
ere incubated overnight to permit attachment. Trans-ection of effector and reporter plasmids was performed
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12 HARTITZ, SUNTER, AND BISAROn the presence of calcium phosphate using the ProFec-
ion system (Promega, Madison, WI). After a 48-h incu-
ation, cells were harvested and washed three times in
BS before lysis. The amount of CAT protein present in
he extracts was measured using a CAT–ELISA immuno-
ssay system (Boehringer Mannheim, Indianapolis, IN).
riefly, this assay involves addition of cell extracts to
icrotiter plate wells previously coated with CAT anti-
ody and quantitation of the bound CAT by subsequent
nd sequential addition of digoxigenin labeled CAT an-
ibody, digoxygenin antibody conjugated to peroxidase,
nd a colorigenic peroxidase substrate. Sample absor-
ence was measured in an ELISA plate reader at 405 nm
nd compared with a standard calibration curve gener-
ted using defined amounts of purified CAT.
nalysis of transcriptional activation by TrAP in yeast
An effector plasmid containing full-length TrAP
pGBE503) fused to the GAL4 DNA-binding domain was
enerated by PCR using as template a plasmid contain-
ng a 1.5-mer of the TGMV genome (pTGA26) (Sunter et
l., 1990) with 59-GCCCCGGGGATGCGAAATTCG-39 as 59
rimer and 59-GCCTCGAGCTATTTAAAT-39 as 39 primer.
he resulting PCR product was inserted as a SmaI–XhoI
ragment into SmaI–SalI-cleaved pAS2 and amplified in
. coli. Plasmid pAS2 is a yeast-expression plasmid
ontaining the alcohol dehydrogenase promoter and
olyadenylation site flanking the GAL4 DNA-binding do-
ain (GAL41–147) (Harper et al., 1993). Effector plasmid
GBY203, expressing GAL41–147:TrAP1–83, was constructed
TABLE 2
Construction of Effector Plasmids Expressing GAL4:TrAP
Fusion Proteins
Effector
plasmid
TrAP
amino acids PCR primers employed
TGA618 83–129 GCGGAATTCCCTCTACACCAACACCAG
CGCGAGCTCCTATTTAAATAAGTTCTCCCA
TGA618A 1–129 CGCGAATTCATGCGAAATTCGTCTTCC
CGCGAGCTCCTATTTAAATAAGTTCTCCCA
TGA713 101–129 CGCGAATTCGAGGAGAGCATTGGATCTCCA
CGCGAGCTCCCTCTAACCCTGTGTATGCG
TGA714 115–129 CGCGAATTCAGTATGGACGACATCGAC
CGCGAGCTCCCTCTAACCCTGTGTATGCG
TGA727 42–129 CGCGAATTCGACTGCAGAAACAATGGA
CGCGAGCTCCTATTTAAATAAGTTCTCCCA
Note. Effector plasmids used in the NIH3T3 cell system were based
n pBXG1, which contains the SV40 promoter and polyadenylation site
lanking the GAL4 DNA binding domain (1–147). The primer combina-
ions indicated were used to synthesize PCR products corresponding
o defined regions of the TGMV AL2 gene, and the products were
nserted into pBXG1 to express GAL4:TrAP fusions (see Materials and
ethods). For each construct, the 59 primer is listed above the 39
rimer.y inserting the appropriate region of AL2 from plasmidTGA82 (containing the TGMV AL2/3 genes; unpub-
ished) as an EcoRI–BamHI fragment into similarly
leaved pGBT9 (Clonetech, Palo Alto, CA). Plasmid
GBT9 also contains the alcohol dehydrogenase pro-
oter and polyadenylation site flanking the GAL4 DNA-
inding domain. Effector plasmid pGBY204, expressing
AL41–147:TrAP83–129, was constructed by inserting the AL2
egion from pTGA618 (Table 2) as an EcoRI–DraI frag-
ent into EcoRI–SmaI-cleaved pGBT9. Plasmid pAS2
nd yeast strain Y190 were kindly provided by Dr. Ste-
hen Elledge (Baylor College of Medicine).
The yeast reporter strain Y190 (MATa, leu2-3, 112,
ra3-52, trp1-901, his3-D200, ade2-101, gal4Dgal80D
RA3 GAL-lacZ, LYS GAL-HIS3, cyh) (Harper et al., 1993)
ontains the E. coli lacZ gene under control of the GAL1
romoter, which contains GAL4 binding sites. Y190 cells
ransfected with pGBE503 (GAL41–147:TrAP1–129), pGBY203
GAL41–147:TrAP1–83), or pGBY204 (GAL41–147:TrAP84–129)
ere inoculated into synthetic complete (SC) media lack-
ng tryptophan and containing a non-repressing carbon
ource (sucrose). A positive control plasmid expressing
ull-length GAL4 from the alcohol dehydrogenase pro-
oter (pCL1; kindly provided by Dr. Paul Bartel, SUNY-
tony Brook) (Fields and Song, 1989) was grown in SC
edia lacking leucine. Cultures were incubated at 30°C
or 24–48 h until the culture reached mid-log phase
OD600 ;1.0). b-galactosidase activity was measured as
escribed in the Matchmaker protocol (Clonetech, Palo
lto, CA). Culture aliquots were added to 0.7 ml Z Buffer
60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM
gSO4, and 40 mM b-mercaptoethanol, pH 7.0), followed
y the addition of CHCl3 and SDS to 4.7 and 0.005%,
espectively. Samples were vortexed for 30 s and O-ni-
rophenyl-b-D-galactopyranoside (ONPG; Boehringer
annheim Biochemicals) was added to a final concen-
ration of 0.6 mg/ml. Samples were incubated at 30°C
ntil a yellow color developed, when reactions were
uenched by the addition of Na2CO3 to a final concen-
ration of 274 mM. Samples were centrifuged for 10 min
o remove cell debris and the absorbence read at 420 nm
OD420). b-galactosidase activity (Miller units) was calcu-
ated using the formula: 1000 3 [OD420 /T (incubation
ime in min) 3 V (volume of culture in ml) 3 OD600].
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